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Abstract 
To a large extent, the economic viability of CSP projects is influenced by the main parameters characterizing the receiver, such 
as concentration ratio, heat-flux-intensity and distribution, fluid outlet temperature and, naturally, the receiver efficiency. The 
design ranges for these parameters are in turn limited by the selection of the heat transfer fluid (HTF). In this work, two candidate 
liquid metals (LMs), namely sodium (Na) and lead-bismuth eutectic (LBE), are proposed as efficient HTFs that shall allow 
extending these design ranges beyond the current state-of-the-art, and thus contribution to the development of next-generation 
point-focus central receiver systems (CRSs). LMs offer two significant advantages compared to other HTFs used in CRSs. First, 
very high heat transfer coefficients can be achieved; roughly one order of magnitudes higher than with other liquids like molten 
nitrate salts, and many times the typical values of pressurized air; allowing to operate at higher heat flux intensities. Second, high 
fluid outlet temperatures can be achieved within stable liquids up to their boiling point (at 1 bar, Na: 883°C, LBE: 1533°C). 
Design considerations for implementing advanced concepts based on LM-cooling are analyzed in this work, evaluating their 
advantages and limitations.  Previous experiences and theoretical evaluations indicate that a superior performance can be 
achieved with LMs, and the current state of technology reached a satisfactory maturity level for operating large-scale facilities 
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1. Introduction 
Point-focus concentrated-solar-power (CSP) systems are very demanding applications for the selection of an 
appropriate heat transfer fluid (HTF). The main requirements for an ideal HTF, listed below, often lead to 
compromises in practice for selecting a fluid [1].  
 Extensive temperature range, ideally from ambient conditions up to 1000°C and beyond. 
 Attractive physical properties, mainly large thermal conductivity and heat capacity, as well as low viscosity. 
 Operational aspects, such as corrosion and safety play a major role. In that context, experience is a key factor. 
In that context, mainly direct steam generation, gases and molten nitrate salts have been considered for central 
receiver systems (CRSs). Liquid metals, such as sodium and lead-bismuth eutectic (LBE) presents some relative 
advantages as well as limitations compared to these other options. The comparison presented in Table 1 indicates 
that they have a more extensive temperature range than molten salts, and much superior heat transfer properties than 
gases. Although the operation of liquid metal systems is less simple than for other fluids, experience can play a 
major role on these aspects. Considering comparable O&M and storage costs, significant overall reductions in the 
levelized cost of electricity (LCE, up to 15%) have been predicted by using liquid metals [2], mainly as a 
consequence of the increased receiver performance and power-cycle efficiency.  
Table 1. Comparison of different heat transfer fluids proposed for CRS applications. The physical properties are evaluated at 550°C, 1 bar. 
r.t. = room temperature. n.a. =not available; m.p. = melting point; n.b.p = normal boiling point. Sources: [3-6] 
Candidate HTF Tmin Tmax  *cp Corrosion Experience Safety Low cost 
Unit °C °C W m-1 K-1 kJ m-3 K-1 Operational aspects in a scale from 1 (worst) to 5 (best) 
Air < r.t. n.a. 0.059 0.2 3 5 5 5 
Helium < r.t. n.a. 0.32 3.0 4 4 4 4 
Solar salt 220 (m.p.) 565 0.55 2675 2 2 3 3 
Liquid sodium 98 (m.p.) 883 (n.b.p) 64.9 1042 5 3 1 2 
Liquid LBE 125 (m.p.) 1553 (n.b.p) 14.9 1415 1 1 2 1 
 
In this work, the use of liquid metals as efficient HTFs in central receiver systems is investigated. Previous 
experiences in the CSP industry are reviewed in §2. Furthermore, the evolution of the coolant technology from the 
knowledge derived from other industries is evaluated in §3. Based on this technological development, the 
foreseeable advantages of LMs are presented in §4. As higher temperatures can be achieved with LMs, advanced 
power conversion cycles for exploiting the increased efficiency from these elevated temperatures are discussed in 
§5. In §6, the current R&D activities on this topic in Germany are introduced, with final conclusions in §7. 
2. Previous experiences in CSP with liquid metals 
Based on the experience from the nuclear sector, sodium has been proposed for solar applications since the early 
days of CRSs. In March of 1979, the Department of Energy of the United States (DOE) decided to fund studies for a 
Repowering Program aimed at adding solar energy to existing oil and gas-fueled plants. The goal of this program 
was to generate one quarter of total energy supply from solar by the year 2000. Eight of the fourteen funded studies 
were for electric utility repowering, while the other six were for Central Receiver Systems (CRS) for industrial 
process heat. Based on the research with sodium and fast breeder reactors in the nuclear power sector, four of the 
fourteen conceptual studies used a sodium-cooled receiver [7].  
These studies showed the advantages of liquid sodium as a HTF in central receivers. Different configurations 
with various temperatures and storage systems were analyzed. Furthermore, an advanced receiver concept and a 
steam generator module were developed during the program. The result of the parametric analysis indicated that 
optimum results would be achieved with sodium peak temperatures of 704°C, as this offers the potential for size 
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reduction and lowering the costs of thermal storage, piping and pumps [8]. However, a qualified material for the 
tubes was not available at this time, so it was decided to reduce the peak temperature to 593°C.  
Based on these studies, Rockwell International tested a sodium-cooled receiver panel in 1981-1982 at the Sandia 
Central Receiver Test Facility (CRTF) in Albuquerque. The total heliostat field consists of 222 heliostats and can 
concentrate more than 5 MWth of power under optimal conditions. This receiver consisted of three parallel 
subpanels, which represented a segment of an external receiver. A flow-through surge tank was provided to 
accommodate changes in sodium volume. In operation, the sodium is cooled by a dump heat exchanger with 
variable airflow through the unit. At night, the sodium was drained into a tank and maintained by an electrical heat 
tracing at 204°C. Although the accumulated test time was much less than foreseen, all the operational and 
performance goals were attained. During the tests, the efficiency achieved values between 90 and 96%, that is better 
than the design range 90-93%. Supplementary, isothermal tests should determine the conductive and convective heat 
loss characteristics from the panel. The sodium loop was heated to about 400°C using the heliostats, then removing 
them and observing the panel temperatures over 15 minutes [9]. Further technical details are listed in Table 2.  
The first European experimental site that included a CRS – the SSPS (Small Solar Power System) – was 
commissioned in September of 1981 by the International Energy Agency (IEA) at Plataforma Solar de Almeria 
(PSA) in Spain. At this plant, two sodium receivers were tested, see details in Table 2. The first cavity receiver was 
later replaced for a smaller one, of the planar external type. In both cases, satisfactory results were obtained from the 
tests. As a consequence of the smaller area, the planar receiver yielded much lower thermal losses: 230 kW 
compared to 500 kW for the cavity-type one [10,11].  
Table 2. Comparison of the three sodium-cooled receivers so far tested. Data compiled from different sources: [9-11] 
Tested at PSA, Spain PSA, Spain CRTF, USA 
Developer Interatom (Germany) Samprogetti (Italy) Rockwell Intl. (USA) 
Manufacturer Sulzer (Switzerland) Franco Tosi Industriale (Italy) Rockwell Intl. (USA) 
Test period 1981- April 1983 1983-1986 Oct 1981-March 1982 
Testing time, hours 1885 n.a. 70 
Maximum thermal power, MW 2.5 3.5 2.5 
Average heat flux, MW m-2 -  0.69 
Peak heat flux, MW m-2 - 2.5 1.53 
Measured efficiency 88% 92% 90-96% 
Receiver type Cavity Planar (external) Panel 
Sodium temperature, °C 270-530 270-530 288-593 
Storage medium Sodium Sodium None 
Storage capacity, MWth 5.0 5.0 - 
Aperture area, m2 9.7 - - 
Active absorber area, m2 17 8.32 3.6 
Number of panels - 5 3 subpanels 
Tubes per panel - 39 21 
Tubes outer diameter, mm - 14 21.4 
Tubes wall thickness, mm - 1.0 1.2 
Tubes material 316 SS 316 SS 316 SS 
 
Despite the more-than-satisfactory thermal-hydraulic results of the receiver tests, all these projects were 
discontinued.  At Almeria, this decision had a very specific cause. In 1986, following a sodium leak in a damaged 
piping that was being repaired, a sodium fire occurred due to the unsuitable monitoring, handling and technological 
standard at that time, which has ever since much evolved, see §3. The sodium subsystem was decommissioned and 
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the plant was reconverted with air as HTF [9]. In the USA, the envisaged utility-scale plant for which the above-
mentioned receiver was tested was never built, although the causes remain unclear. 
In addition to CRSs, sodium was also proposed and tested in parabolic dish-systems. Between 1997 and 2001 
CIEMAT and DLR tested successfully an advanced dish/Stirling system with sodium as working fluid at Almeria, 
accumulated 5500 operating hours with three units [12]. With a thermal input of 45 kW a maximum gross electric 
power output of 7.8 kW was achieved, less than the design value of 10 kW. This underperformance was mainly a 
consequence of a restriction of the Stirling operation temperature to 600°C. Furthermore, an extensive research 
program on alkali-metal cooling for solar dishes was carried out at Sandia National Laboratories, in the USA, once 
again with satisfactory thermal-hydraulic results [13]. In both cases, the projects were discontinued, mainly due to 
low economic competitiveness of parabolic dishes. 
3. Evolution of liquid metal technology since the 1980s 
Beyond their application in CSP reviewed in §2, liquid metals have been broadly used in nuclear energy systems. 
In §3.1 the operation of such systems is shortly reviewed. Based on the lessons learned from this long-standing 
experience, the technology of liquid-metal coolants has reached an advanced level of maturity, as detailed in §3.2. 
3.1. Operating experience from liquid-metal-cooled nuclear installations 
In addition to being efficient heat transfer fluids, liquid metals present some nuclear-specific attractive features 
(which exceed the scope of this article) that allow the operation of advanced systems, based on fast neutrons. For 
that reason, they have been investigated since the very early days of this energy sector. In fact, the first reactor 
producing electricity, on (EBR-I, USA, 20.12.1951) was cooled by a sodium-potassium eutectic, which is liquid at 
room temperature. Mainly sodium was chosen for larger systems, due to its superior thermo-physical properties.  
Since the 1950s, a number of experimental, prototypical and commercial sodium-cooled reactors have been 
operated in several countries, as summarized in Fig. 1(a). Over 400 reactor-years of experience have so far been 
accumulated worldwide, and it should be noted that this number has roughly tripled since the time when the tests of 
sodium-cooled receivers as reviewed in §2 were commissioned. 
For LBE, the operation of large-scale facilities is more limited. So far, eight LBE-cooled, ~150 MWth reactors 
were operated in the USSR in the frame of its submarine program, accumulating over 80 reactor-years between 1974 
and 1990. Nevertheless, this scenario shall change soon, as LBE is considered for several applications for which 
sodium is less suitable, such as accelerator-driven systems and partitioning-and-transmutation dedicated reactors. An 
overview of such plants under construction and near-term development is presented in Fig. 1(b). 
(a)  (b)  
Fig. 1. Overview of liquid-metal-cooled nuclear systems (a) operated with sodium; (b) under construction or development with both LBE and Pb 
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In support of the large-scale plants summarized in Fig. 1, the coolant-specific technology has been developed at 
dedicated laboratory facilities in different R&D organizations throughout the world. Mainly through the operation of 
these facilities, this technology has achieved a well-developed status, as described in §3.2. 
3.2. Development of technological standards, databases and design guidelines 
For both sodium and LBE, engineering handbooks have been developed [3,4], providing guidelines for the design 
of liquid-metal systems, covering standards and databases for the following issues. 
 Thermo-physical properties, chemistry control, interaction with other fluids. Extensive databases are available for 
fluid properties and the main parameters controlling their chemical behavior at different conditions. In particular, 
the exothermic reaction of sodium with air and water (with evolution of hydrogen) is very significant from a 
safety perspective, as discussed below. LBE, on the other hand, is for all practical means chemically inert. 
 The compatibility with structural materials is governed by two main mechanisms occurring simultaneously, such 
as dissolution and inter-granular diffusion. For both sodium and LBE, the main variables controlling these 
phenomena and have been identified and engineering solutions, such as impurity control and in-service formation 
of protective layers, have been developed. Therefore, successive compatibility of common stainless steels with 
LBE at 600°C and sodium at 800°C has been demonstrated. A detailed description can be found in [14]. 
 The thermal-hydraulics is characterized by a very efficient heat transfer. Extensive experimental evidence 
indicates that very large heat transfer coefficients, in excess of 20 kW m-2 K-1, can be simply achieved. Liquid 
metals behave slightly different due to their low Prandtl number, below 0.05, and therefore theoretical 
considerations derived from air or water experiences generally lead to large mispredictions. Nevertheless, for the 
most common geometries, specific engineering correlations with acceptable accuracy are available, see [15,16]. 
 Instrumentation for liquid metals is to some extent particular due to its high temperature, corrosivity, opaqueness, 
and large electric and thermal conductivity. Specially- adapted techniques are sometimes required and have been 
extensively developed, at an increasing rate in the past decades. Currently, reliable instrumentation for measuring 
flow rate, pressure, local velocity, void fraction, level and temperature can be realized in broad ranges of 
operating conditions can be realized.  Further information can be found in [17].  
 Operational safety is not a major concern for LBE, beyond the common challenges related to high temperatures, 
and the slight hazard given by its toxicity, which can be avoided with proper ventilation, isolation and hygiene 
facilities. On the other hand, previous experiences indicate that sodium fires can indeed occur and have a 
significant effect, though of limited extent. Guidelines for tackling this challenge have been developed following 
a three-level strategy: prevention (periodic inspection), early detection (by the presence of hydrogen) and fast and 
reliable response. Learning from previous experiences is crucial, as best represented by the performance of the 
BN-600 reactor. During its first ten years of operation (1980-1990) it presented 12 tube-leak events in the steam 
generator leading to sodium–water interaction. After implementing the relevant changes at the three steps of this 
chain, there has not been such event since then [18]. 
4. Foreseeable advantages of implementing liquid metals in central receiver systems 
Given their properties listed in Table 1, liquid metals offer two main advantages for CRS applications. 
Firstly, their operational temperature range is broader than that of nitrate salts. On the one hand, a lower melting 
point implies reduced need for auxiliary heat tracing. On the other hand, the high boiling points allow operating at 
very elevated temperatures, with the consequent advantages in terms of power conversion efficiency. An overview 
of advanced systems for exploiting this advantage is presented in §5. It should be noted that in this temperature 
range, the only other possible HTFs are air and other gases, which present a much lower heat transfer performance. 
Secondly, due to their large thermal conductivity, liquid metals yield very large heat transfer coefficients within 
very simple geometries, such as a circular tube. A thorough comparison between LMs and gases (nitrate salts are not 
included because they cannot cover the desired temperature range) should include the variation of many possible 
parameters, such as tube diameter, velocity, temperature and pressure, among others. Here, one simple example is 
given to provide an estimation of the larger difference in the order of magnitude between both HTFs. Considering a 
652   J. Pacio et al. /  Energy Procedia  49 ( 2014 )  647 – 655 
tube inner diameter of 15 mm, a fluid velocity of 5 m s-1 and a temperature of 750°C, both air and helium would 
yield a heat transfer coefficient in the range of 20-200 W m-2 K-1, depending on the pressure. Under the same 
conditions, LBE and sodium would yield values of 24 and 47 kW m-2 K-1, respectively, that is more than two orders 
of magnitude (a factor one hundred) larger than gases. As a consequence, the percentage of transferred heat to the 
HTF (that is, the receiver efficiency) increases and allows the operation with heat fluxes up to 2.5 MW m-2 [19]..  In 
a recent comparison between sodium and salts, it was observed that the increased heat transfer performance would 
allow reducing the receiver absorber area in about 57% [20]. In a direct comparison with air, this factor would be 
even higher, given the proportion of heat transfer coefficients mentioned above. Furthermore, the improved heat 
transfer process reduces the wall superheating, leading also to lower thermo-mechanical stresses in the tubes and 
lower losses by radiation and convection (free and wind-forced). 
5. Technological concepts for high-temperature power conversion cycles with liquid metals 
As discussed above, in addition to more efficient heat transfer, liquid metals offer the possibility of achieving 
higher receiver outlet temperatures than with molten salts. Thermodynamic considerations indicate that the energy 
conversion efficiency can be improved. However, this improvement for state-of-the-art Rankine cycles in CRSs is 
relatively low if this temperature is only marginally increased beyond current values for solar salt [21]. For example, 
for a reference 200 MWe plant, a reduction of only 3% in the LEC could be expected with supercritical steam 
parameters at 620°C [2]. Considering that higher investment costs might be involved, this potential advantage 
virtually vanishes. Consequently, advanced power conversion cycles might be required for deriving economic 
advantages from the higher achievable temperatures.  
 
(a)  (b)  (c)  
Fig. 2. Simplified diagrams of envisaged advanced power conversions system to be used in LM- -cooled CRSs. (a) Single-stage cycle; (b) 
Combined cycle with LMs as HTFs in the topping cycle (c) Combined cycles with LMs as working fluids in the topping cycle 
In this section, some advanced options are presented, indicating their advantages and risks. While they are not 
commercially available today, they are candidate medium and long-term solutions for cost-competitive CSP 
systems. These options are grouped into three categories in increasing order of development effort needed, mainly 
from the solar side, as sketched in the diagrams in Fig. 2, and described in detail in the following subsections. 
5.1. Single-stage cycle: 700°C ultra-supercritical (USC) steam turbine  
This option implies a relatively low development demand of the solar-specific components (e.g. mainly receiver, 
storage subsystem, steam generator). A high thermal efficiency (up to 52%) can be achieved with 700°C USC (~300 
bars) steam turbines, for which receiver outlet temperatures within the range of liquid metals are needed. Perhaps 
the main risk related to the feasibility of this concept is given by the of high-strength structural materials for high-
temperature service, such as nickel alloys. Furthermore, similarly to other high-temperature concepts, broad-
temperature storage materials shall be required. 
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5.2. Combined cycles:  LMs as HTF in the high-temperature stage (topping cycles) 
Mostly from the fossil power plant industry, combined cycles with bottoming steam power block at 600°C are 
commercially available today [22], and thus little developments is required from this side. The inclusion of solar 
energy in the topping cycle using air receivers has been widely investigated, and significant advantages over other 
CSP concepts are expected [23, 24]. Compared to air, the more efficient heat transfer of LMs shall lead to smaller 
receiver sizes and eventually lower LEC, although a pressurized LM-to-gas heat exchanger shall be required. 
As significantly higher receiver temperatures must be achieved for operating the gas turbine, a considerate 
development effort is required for the solar components. In particular, all components upstream of the heat 
exchanger shall face a 1000°C-LM environment, leading to challenges on the materials side. For reducing costs, one 
single component could integrate the functions of the heat exchanger, thermal storage and steam generator. Direct-
contact heat exchanger are also an attractive option to be investigated, although some practical issues shall be 
resolved, e.g. the pressurized containment and possible transport of LM-vapor by the working gas.  
In principle, both open (with air) and closed (with a noble has, such as helium) are feasible. Closed cycles with 
helium are more efficient and also present a very good part-load behavior. 
5.3. Combined cycles: LMs as working fluids in the high-temperature stage (topping cycles) 
Alkali metals (such as sodium) are particularly suitable for performing some non-conventional thermodynamic 
cycles as the working fluid itself. These concepts have been originally investigated for space applications, due to 
their high electric power-to-weight ratio. Although large versions of these systems have not been built, their 
technical feasibility has been confirmed by experimental evidence at laboratory scale. Compared to those described 
in §5.1 and §5.2, the three concepts described below require the largest development effort. 
 The alkali-metal thermal to electric converter (AMTEC) is a direct system based on the metal evaporation and its 
dissociation into ions and free electrons. With no moving parts (as no intermediate mechanical energy step is 
required) and following electrical potential gradients, electrons are circulated towards a direct-current load, and 
ions diffuse through a solid electrolyte. They are recombined at the cold side, where heat is rejected and the fluid 
is condensed. This thermodynamic cycle has a theoretical efficiency close to the Carnot limit, and practical 
efficiencies up to ~20% have been achieved in practice [25].  In addition to risks related sodium safety, the up-
scaled economic competitiveness of AMTEC system remains an open question. 
 Magneto-hydrodynamic (MHD) power generation is based on the changes in volume of an electric-conducting 
fluid. While this is possible with boiling alkali metals, it is also possible to operate with a single-phase LM where 
the expansion is given by injecting a gas or volatile liquid. Therefore, LBE is also a suitable working fluid, below 
its boiling point. Several prototypes with different liquid metals like sodium, lead and lead bismuth in the range 
of 250 kWe proved not only the availability but also the maturity for commercial use of this technology [26, 27]. 
Similarly to AMTEC, it has no moving parts, although the efficiency is somewhat lower. 
 As the most far-fetched option, a LM-Brayton cycle is feasible with some alkali metals (particularly potassium), 
using a dedicated LM-turbine [28]. None of the required components of such metal-vapor topping cycle are 
available today. Compared to AMTEC, the advantage is the energy intake and cycle stages are physically 
separated at the receiver and the turbine. However, it presents some sensitive moving parts that shall lead to 
higher technical risk with their consequences on the costs. 
6. Ongoing research and development activities in Germany  
Considering the scenario, described in the above sections, the conditions are now set for a fruitful synergy 
between both individual technologies, that is solar central receiver system on the one side and liquid-metal coolants 
on the other one. In that context, a national five-year collaborative research project named LIMTECH (see 
Acknowledgements) has started in November 2012. This project combines the long-standing expertise of three 
partners on specific and largely complementary topic, as follows.  
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 The extensive know-how of the German Aerospace Center (DLR) – Institute of Solar Research on point-focus 
CSP systems is well known to this community. Providing most-valuable input from the solar-specific 
perspective, the contribution from DLR shall enrich the well development of this project. 
 Leading this project, the Karlsruhe Institute of Technology (KIT) – Karlsruhe Liquid Metal Laboratory has long-
standing experience on LM coolant technology (for both sodium and LBE). Mostly in support of the 
development of nuclear systems, several experimental facilities are operated for investigating specific aspects of 
the coolants, mainly on the cooling of surfaces with high heat flux densities, in excess of 1.0 MW m-2. 
 At the Leibniz University of Hannover (LUH) – Institute for Electrical Process Technology, magneto-
hydrodynamic phenomena are investigated. Being LMs conductive fluids, such phenomena can be applied, for 
example, to electromagnetic pumping, MHD generation and heat-transfer enhancement techniques.  
The first step of this project is to select the materials and systems which shall define the scope of dedicated 
investigation. In this case, both sodium and LBE stand out as the most attractive candidates for central receiver 
systems, each with their own advantages and limitations as discussed in §1. With these considerations, a small-scale 
receiver cooled by LM shall be tested. Furthermore, the economic performance of utility-scale power plants based 
on LMs and advanced power conversion cycles shall be evaluated in detail. 
7. Conclusions 
State-of-the-art central-receiver plants use molten nitrate salts as both heat transfer fluid and storage medium. 
The main advantage of this technology is given by their possibility of implementing a cost-effective direct thermal 
energy storage subsystem. A major drawback, however, is given by the stability limit of the salt which does not 
allow operating at higher temperatures, which would lead to an increased plant overall efficiency and, eventually, 
reduced costs. Furthermore, a higher working temperature would allow feeding the solar energy as topping cycle, 
e.g. in gas turbine process. Few heat transfer fluids are available for operation at temperatures beyond 700°C, and 
the main candidates are gases (e.g. air or helium) and liquid metals, such as sodium and LBE. As liquid metals are 
much more suitable for the cooling of surfaces with high thermal loads, they are the main topic of this work. 
Sodium was proposed and tested in CRS since the early days of this technology. The few tested receivers, 
summarized in §2, indicate a very satisfactory performance. While this research path was discontinued due to safety 
hazards related to sodium, the maturity of liquid-metal technology has significantly evolved since, see §3. A eutectic 
alloy of lead and bismuth (LBE) is an attractive alternative, as it is not reactive and extensive operating is available 
from other industries. Thus, the advantages of LMs are not necessarily overwhelmed by safety risks.  
Under similar operating conditions, LMs yield heat transfer coefficients several orders of magnitude larger than 
air or helium, thus being most attractive for higher-temperature CSP systems. In order to fully exploit the 
advantages of these advanced HTFs, advanced power conversion systems shall be developed. In §5, several options 
are presented, with various degrees of development efforts required. At the current state of technology, ultra-
supercritical steam cycles operating at 700°C seem to be the most convenient concept. 
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